as a result of several intrinsic biological factors (Iyer and Dinesh, 1997; lyer and Schnell, 2009 ): 1) a high level of hetcrozygosity and unpredictable outcomes when crossing parents; 2) a long juvenile period; 3) only one seed per fruit; 4) potentially heavy fruit drop with loss of hybrid fruit; 5) polycmbiyony in many cultivars; and 6) a large area required for proper assessment of progeny. Nonetheless, mango breeding can he successful as a result of its high level of genetic variability and the case with which selections can be vegetatively propagated. Because the mango's breeding system favors outcrossing (lyer and Dinesh, 1997) , the proximal growing of numerous genotypes from disparate geographic origins led to the production of many new seedlings that arose from cross-pollination in Florida (Knight and Schnell, 1994; Schnell et al., 2006) . Thus, Florida selections did not arise from formal breeding programs: early Florida selections were made by growers and enthusiasts, and historical information is often anecdotal. Although most present-day mango cultivars in India are selected on the Indian subcontinent based mainly on fruit quality, many Florida cultivars have come to be grown widely as commercial cultivars based on broad environmental adaptability (Mukhcrlcc. 1997). Schnell et a]. (2006) analyzed genetic diversity and interrelationships among 203 unique mango cultivars, two selections of M.griffuhii Hook f, and three M. odorata Griff. accessions maintained at the National Germplasm Repository in Miami. FL, and/or at Fairchild lt'opical Botanic Garden in Miami. F!., using 25 microsatellite niarkers, and found Florida cultivars to more closely related to Indian cultivars than to cultivars from Southeast Asia.
The visual appearance of fresh fruits and vegetables is a very important quality determinant made by the consumer. In Florida. mango color is an important factor in consumer choice (Campbell and Campbell, 2002; Litz and Lavi, 1997) , and mangos overlaid with red are especially valued both in fruit consumed in Florida and in fruits shipped to northern markets. In the past, the evaluation of mango color has been subjective, based on visual ratings, and large errors are generally associated with such ratings. The use of the colorimeter has been demonstrated by Ayala-Silva et al. (2005) to accurately quantify fruit color and to differentiate among varieties. A yala-Silva et al. (2005) measured mango color with a Minolta Chroma Meter CR-400 portable tristmmnulus colorimeter (Minolta, Osaka, Japan) and evaluated fruit chromaticity in the Commission Internationale d'Eclairage (CIE) L 5 , a*, and b* color space coordinates. The CIE L*a*b* color space is the most widely used method for measuring and ordering object color, e.g., textiles, inks, paints, plastics, and SO on as well as fruits and vegetables. (Gonnct, 1993, 19981) This system records color values in a uniform, three-dimensional color space, in which the L* coordinate corresponds to a lightness (light versus dark) coordinate, the a* coordinate corresponds either to red (positive) values or to green (negative) values, and the b* coordinate represents either yellow (positive) values or blue (negative) values. The CIE L*a*b* color space was successfully uteri to compare fnuts from replicated plantings of open-pollinated sibling trees of mango crosses of known maternal parentage and to compare two control clones also planted in replicated plantings (Ayala-Silva et al.. 2005) . The same maternal half-sib families (MHS) and control clones were also successfully compared for traits assessing quality such as fruit and seed weight. fruit length and width, and anthracnose [Colletotrictini glneosporiotdes (Penz.) Penz. and Sacc.] resistance.
Materials and Methods
Our analysis was performed on data from the same experimental trees used by Ayala-Silva et al. (2005) 
Broad-sense Heritability Estimates for Fruit Color and Morphological Traits from Open-pollinated Half-sib Mango Families
countries. Mango selection using multiyear breeding programs is slowly replacing the former method by which most earlier cultivars were selected, namely from chance seedlings either from planned or unplanned crosses. The knowledge of heritability of traits as they are controlled by genetics and experimental design and the effects and interaction of these two sets of factors on achieved gain have become more critical. The use of portable colorimeters has been shown to give repeatable scores in a quantitative, three-dimensional space for fruits and vegetables. In this experiment, we calculated broad-sense heritabilit y estimates for five color traits, three morphological fruit traits, and one disease resistance trait (anthracnose expressed on the fruit). Estimates were found to be relatively high, indicating good potential for improvement through breeding. For nearly all traits measured, variance within families was greater than that among families, illustrating the likely importance of heterozvgosity, dominance, and epistasis in these crosses. The careful estimation of heritability and repeatability will help prioritize and increase the efficiency of trait improvement as breeding methods become more sophisticated and competition for funding increases.
two hurricanes occurring during the later part of the summer of 2005, causing a total loss of fruiting the next year and the loss of several trees throughout the Plots.
Genetic material. Maternal half-sib families of the mango cultivars. Kcitt, Tommy Atkins. Tyler Premier, Mamita. White Alfonso, and Sandersha, were evaluated in a field experiment established at the Subtropical Ilorticulture Research Station in June 1996. The MHS consisted of open-pollinated seedlings, whereas the control clones ( 'Keitt' and 'Tomniy Atkins') were grafted oil rootstock. The parental clones of the MI-IS were chosen on the basis of being recognized, valuable commercial types either in Florida, in India, or in other mangogrowing areas of the world. The MUS parents show few interrelationships and their geographical areas of origin cover a large area according to Schnell et al. (2006) and according to GRIN records (Germplasm Resource Information Network, USDA-ARS, Beltsville. MD). The experimental design was a randomized complete block design with three replications. Each experimental plot consisted initially of 10 trees per plot: however, plots were thinned as the trees grew to avoid overcrowding. Additionally. 10% of the trees were lost to natural causes. principally as a result of two hurricanes in 2005. Two plots had no trees remaining: these were M1IS plots of 'Mamita' and 'White Alphonso'. Fertilization and cultural practices were as recommended for mango production under south Florida conditions (Ruehie and t.edin, 1956) . Experimental plots consisted of up to live trees, and fruits were collected from one to five trees per plot, depending oil number of trees producing fruit that year. Traits measured included total number of fruit produced per tree at each harvest: fruit weight, length, and width; and anthracnose resistance. Fruit weight was measured and recorded in grams using a digital scale. Fruit length antI width were measured and recorded in millimeters using a ruler mounted oil with one fixed side and one mobile side to enable the fruit to be held in place. Each fruit was rolled until its stable side was fi.nind, first in one direction to measure width and second in an orthogonal position to measure length. The mobile side of the Plexiglass holder was pushed to hold the fruit firm. Fruits were measured at the point of maximal width or length. Anthracnose resistance was measured on a numerical rating scale of I to 5 with I indicating the most severe manifestation and 5 indicating no infection or no breakdown. Percentage descriptions of the classes would fbllow as such: I = 0-1% (110 disease. 2 = 1-5% (slight disease). 2 = 6-9% (moderate disease), 4 = 10-49°/o (severe disease), and 5 = 50-100% resistance. Pictures in Corkidi et al. (2006) were used as guides. Anthracnose resistance was read from natural infection, because the natural level ofinoculum was su file ieiltl y high to give ratings with a normal distribution over the entire experiment. Because our germplasm collection and other experiments were close to this experiment, all high level of moculuni was undesired, which would have resulted from additional inoculation.
Skin color measurement. Color measurements of mango fruits were made using a portable CR-400 tristimulus colorimeter (Minolta Chroma Meter CR 400; Minolta, Osaka, Japan) and SpectraMatch software (Minolta. Ramsey, NJ) set to L* , a* , b* mode. The colorimeter has a beam diameter of 8 mm, three response detectors set at 0 0 viewing angle, and a CIE standard illuminant C with diffuse illumination. This illuminant is accepted as ha v ing a spectral radiant power distribution closest to reflected diffuse daylight. A white plate was used for calibration (L* -98.15. C = 1.92, Ii = 93.8, a* 0. 13, h* 1.92). Each sample was placed oil white table, and L* , a* , b* , C, and /i (CIELAB) color measurements were taken in triplicate.
Color values were documented during the harvest periods of the experiment. Mangos were collected each morning for evaluations and harvested at "color break." The mangos were removed from the ground after ensuring that the integrity of the skill was intact with no insect entry or bird damage. Mangos Oil trees also dropped directly into collector's hand wililc applying very little pressure. Mangos also dropped off of the tree when the tree was slightly shaken. fruit e\'altiati011S took place within a maximum 24 11 after harvest. Each of the five color values was considered to be a different fruit skill color aspect. or "trait." L* values indicate lightness [black (L* = 0) and white (L* = 100)], a* values indicate redness-greenness [total red (a* = 100) and green [a* = (-100)], and b* values indicate yellowness-blueness [yellow (b = 100) and blue [b* = (-100)]. A constant of +60 was added to all a* and b* values recorded to avoid negative values; no negative readings for either measurement were smaller than -60. Chroma (C) I C = [(a*)2 (b 5 )2]0.5 } measures color saturation or intensity, and the hue angle [h = arctan (b*/ a*)] determines the red, yellow, green, blue, purple, or intermediate colors between adjacent pairs of these basic colors. A lower hue value indicates a redder product. The L 5 , a*, and b*; C; and 6 values obtained from each mango at the time of sampling were taken from three separate light pulses of the colorimeter. Light pulses were timed to allow movement of the colorimeter to three different locations oil mango. Each record record represents one of till-cc readings takeil at tile shoulder (top), the sinus (middle), and the apex (bottom), spaced equidistantly. Thus. the use of tins method allowed for the overall color of each mango to be assessed regardless of small patches of tissue discoloration.
Statistical analmsis. Data were analyzed for the MI IS trees oni y, performing analyses oil from all families. Clonal data were not included in this analysis, because clones Should he genetically identical; therefore. any variance within clones should be the result of environmental effects or genotype X environment interactions. The experiment included onl y two clones, far too few to give an estimate of clonal variance. Descriptive analysis and test of normality were performed oil data to verify assumptions for conditions for analysis of variance (ANOVA). The following transformations (or no transformation) gave the best results to adapt the color data for mixed-model ANOVA: L* = natural log; a* = no transformation; h* -natural log; C = square root; and 6 square root. The fruit measurement data responded best to the following transformations (or no transformation) for a totally random ANOVA to estimate variance components by maximum likelihood: fruit weight = natural log: fruit length -no transformation: fruit width = natural log: anthracnose resistance = no transfomlation. Although the anthracnose resistance data were scored categorically, its distribution approached the normal distribution sufficiently that a random model could be used to analyze it to estimate heritability.
Broad-sense heritability was estimated using variance components from mixed or random model analyzed with Proc Mixed of SAS V9 (SAS Institute, 2002 -2008 . Broad-sense heritability was estimated, because this is the only useful measure of heritability for outcrossing, vegetatively propagated crops (Wricke and Weber, 1986) . Considerable dominance is also usually found to he exhibited in such crops, and complex or inbred breeding populations from niultigenerational, controlled crosses are seldom, if ever, produced. Therefore narrow-sense heritability would he of interest only in very specialized cases. Heritability was estimated by calculating the ratio of the variance components:
where is the variance coillpollcnt for variance among families;
is the variance component for variance amllomlg trees within families: &u-./y is tile variance component for the variance associated with the interaction of families and years, divided by the [lumber of years: and &/(ryf) is the variance component for residual variance divided by the number of replications (reps) multiplied by the number of years multiplied by the number of fruit sampled per tree.
Because the experiment was grown in one iocati011 011ly, it was not possible to partition variance as a result of location effects or interactions. All three-way interactions were also contained wililiil the residual error, because it was not possible to fit larger models successfully. Seedling mango trees yield very unpredictably from year to year, often yielding no fruit some years and differing each year for the number of fruit produced. The number of fruit sampled per tree depended on the production of a given tree in a specific year. Number of fruit per tree measured was as few as one and as many as 65. Therefore, raw data for mango yield are often very unbalanced. but Proc Mixed does have the ability to analyze unbalanced data effectively by using the Restricted Maximum Likelihood Method (REML). REML incorporates by default the inverses of the variance-covariance matrices both in least squares estimation of fixed effects and in maximum likelihood estimation of random effects. Five different estimates of heritability were calculated using, in one instance. different numbers of years and in four instances different numbers of fruits per tree as divisors for comparison of different estimates of heritability. Postanalysis residual plots were also performed to control for problems of the model in titling the data. For the estimation of heritability over families for skin color measurements, the variance resulting from the effect of the position on the fruit where the measurement was taken (top, middle, or bottom) was removed by placing a fixed effect in the model. The effect of the position on the fruit where the measurement was taken was removed and mean values were used for the estimation of variance components, because the position measurements are taken from fixed rather than randoni positions. Such fixed position values would be more valuable in evaluating mdividual family members relative to one another, i.e., for clonal selection, using firstorder statistics and mean separation. It was thought that one color measurement averaged over the entire fruit would be more valuable for the estimation of heritability than individual measurements for each position of each fruit within families for the three different, fixed positions.
Results and Discussion
The most interesting point that arose in variance component estimation was the fact that variance resulting from plants within families was generally much larger than the variance among families. This was the ease for all color traits (Table I) except hue angle (Ii) and for all fruit traits (Table 2) to an even greater extent. The variance among families was generally very small and nonsignificant as determined by the Wald-Z test (not shown) (SAS Institute. 2002 -2008 . Both tables contain the sources of variance, their estimates, their asymptotic ses, and lower and upper confidence intervals ,. The relative sizes of these variance components indicate a larger amount of variability and very likely increased heterozygosity among hybrid progeny within these mango families than between them. Schnell et al. (2006) found the average observed heterozygosity and averaged expected heterozygosity of 208 M. i/u/ira clones evaluated by 25 microsatellite markers
Sqri (h) (h-hueintermediate color between basic colors)
to be 0.54 and 0.59, respectively, supporting the observation that heterozygosity would be higher in crosses among mango clones. Ten of 25 microsatellite markers deviated significantly from Hardy-Weinberg (HW) equilibrium, of which eight were higher than 0.5, the proportion that would be expected under I-lW equilibrium. Variance resulting from year was generally small and not significant by the Wald-Z test despite the known variability of mango seedling trees productivity across years. Neither the variance resulting from replications nor the variance resulting from the interaction of the two factors (replication x years) was significant for color traits. srs of variance components were nonestimable when variance estimates were either equal to zero or very small. Residual variance (model error term) was relatively large for all color factors except the natural log of b* and the square root of C compared with other sources of variance, whereas residual variances for fruit traits were more in line with other sources of variance or were smaller than other sources of variance. Plots of individual residual error values versus individual predicted values indicated no particular problems with the model fitting the data. When residuals were plotted versus the dependent variable, there was some evidence of heterogeneity in the error variance, becoming slightly larger as the dependent variable became larger. but this is of-ten the case, especially when transformations are necessary to approximate normality. The tests for the fixed effects (not shown), i.e., the position of color reading (top, middle, and bottom), were highly significant for the natural log of L*, for a*, the natural log of b*, and for the square root of over families. Only the test for the square root of the C calculations from colorimeter values was nonsignificant over families. When comparing the sources of variance for the four fruit traits, again variance among families was much smaller than variance within families. Variance resulting from years was nonsignificant for all four fruit traits, and for reps, the variance estimate was very near to or equal to zero. Variance estimates resulting from year x rep interactions and year x family were generally close to their corresponding 5E5, i.e.. nonsignificant. Model residual variances were generally relatively small except for fruit lenizth. Individual residual errors plotted versus individual model-predicted values were as would he expected. seeming to fall into a randomly shaped cloud, indicating no I ri S I n . 44 0 ( )t 1 '001)
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apparent relationship between the model and the residuals. Again, a small correlation could be detected between the individual predicted values and the individual dependent variable, indicating a small (albeit acceptable) amount of heterogeneity of error variance. From this we can conclude that years, reps, and their interactions contribute similarly rather little to the heritability estimate, but that it is likely slightly upwardly biased.
Because seedling mango trees and some mango clones hear fruit irregularly from year to year, five different heritability estimates were created for each trait based on differing numbers of fruit per tree. All heritability estimates were made on the plot basis. The scale (untransformed, natural log, or square root) was given for each calculation of heritability in Tables 3 and 4 for color and fruit data, respectively. Because the most irregular factor that went into the heritability calculations was the number of fruit per tree, a "basis" calculation was made as if one fruit were being taken from each tree and three additional calculations were made as if 10. 30, and 60 fruits were being taken from each tree. More fruit being measured per tree raised the heritability, in this ease as a result of larger divisors of the variance components. Another calculation of heritability was made to evaluate the effect of taking another year of data based on the current variance estimates: as would be expected, adding another year's data raised the heritability sufficiently that it would seem worthwhile to consider taking data another year, again in this case, as a result of a higher divisor for the variance components. However, giving sufficient consideration to the experimental design, number of crosses, and families within each cross is certainly worthwhile for the maximum precision of the heritability estimate. Often in vegetatively propagated crops. "repeatability" rather than heritability is considered to be the proper term for the calculation: however, this is more appropriate when vegetatively propagated clones constitute the entries and not seedlings.
The heritability estimates are generally rather high as was found for mango fruit traits by Brettell et al. (2004) and similar to those found in apple (Durel et al.. 1998) , apricot (Couranjou, 1995) , and peach We Souza et al., 1998), suggesting that the manipulation of these traits by breeding should have excellent potential as is known to be the case in other fruits and vegetables. However, the genetics of inheritance of many quantitatively inherited horticultural traits of mango appears to be unclear. When more large-scale controlled hybridization experiments are undertaken at various mango research centers, such knowledge should be forthcoming and should be very helpful in making decisions on parental selection and experimental design.
Because this experiment was grown at one site only, variance estimates contain withinlocation variance and may he somewhat upwardly biased. It would he worthwhile to 0.9718 2 years, 3 reps, 3)) fruit/tree h (60) 0.9857 2 years.3 reps, 60 fruit/tree 'Because fruit per tree varied greatly, five different calculations were compared. The "h (basis)" estimate was calculated assuming one fruit per tree was sampled. The h 1 and h 2 estimates compared the effect of adding one more year of data and assuming that It) fruit per tree were sampled. The Ii (30) and Ii (60) estimates were based on 2 years and three reps of data, like in the actual experiment, and assuming that 30 and 60 fruit were measured per tree, respectively. l-losTScmi: Nch Voi.. 44(6) Oc'romst/R 2009 'Because the number of fruit per tree varied greatly, five different calculations were compared. The h "basis" estimate was calculated from one fruit per tree. The h I and It 2 estimates compared the effect of adding one more year of data while assuming that It) fruit per tree were sampled in all plots.. The 11(30) and Il (60) estimates were based Oil 2 years and three reps of data, like in the actual experiment, and assuming that 30 and 60 fruit were measured per tree, respectively.
consider replicating the experiment at least in one more location to allow partitioning out location effects and interactions in quantitatively measured characters as well as to balance the risk of losing high numbers of progeny of a certain hybrids and to decrease the sr.. Brettell et al. (2004) recommended a minimum of 50 hybrids in each family with a minimum of 30 fruit per family be included, averaging over a given site and ,I season so that environmental components of heritability estimates would be based on variatiotl among sites and seasons only. Because our heritability estimates included variance from within one site and two seasons, our estimates were lar g er than estimates
of Bretiell et al. (2004) and perhaps somewhat inflated, our results showed nonetheless color traits and t'rttit traits to he worthwhile breeding goals, even for a smaller experiment. The use of the colorimeter gives reliable quantitative evaluation of fruit color in a three-dimensional space from which heritability data can be calculated with confidence. confidence.
Evaluating heritability estimates of' some categorical traits and some continuous traits will, at times, he difficult, even when careful, repeatable, discrete categories arc developed for their classification. Innovative evaluations based on measures of consistency such as that described by Brettell et al. (2004) may be necessary, or methods based Oil careful classification and analysis may be necessary given the complexity of some mango traits, e.g.. flowering. A good deal of knowledge has been amassed concerning the inheritance of various qualitative and quantitative traits and is well presented in the chapter by lycr and Schnell (2009) of the book edited by R.E. Litz. The performance of such experiments to establish the more important traits from a genetic perspective to estimate heritability adds valuable information for mango breeders for efficiently establishing breeding crosses and selection trials. The use of variance components can also he beneficial when produced from hierarchical or similar experiments for optimally exploring the efficiency of resource allocation. A small example of this was done in this experiment to compare numbers of years and reps. Brown and Glaz (2001) produced . I extensive analysis of this type in sugarcane.
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